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Abstract 
Mitochondria re essential eukaryotic organelles that perform many functions in addition to oxidative phosphorylation. Some of these 
functions are still poorly understood or as yet undiscovered, but may resemble already known functions in bacteria. The rapidly growing 
sequence information on bacterial genes, the polymerase chain reaction, and gene disruption in yeast hus offer a powerful approach for 
discovering new mitochondrial functions. 
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1. Mitochondria are essential eukaryotic organelles 
Mitochondria are usually regarded as specialized or- 
ganelles for respiration and oxidative phosphorylation, but 
they also perform many other important functions. For 
example, they synthesize heme, lipids, amino acids, and 
nucleotides and mediate the intracellular homeostasis of 
inorganic ions [1]. Respiration and ATP synthesis are thus 
only two of many mitochondrial functions. Under anaero- 
bic conditions, these two functions may even be insignifi- 
cant for the metabolism of a eukaryotic cell. A few 
primitive eukaryotes lack mitochondria, but often their 
cytoplasm houses bacterial endosymbionts hat may per- 
form some of the functions normally supplied by mito- 
chondria [2]. Mammalian reticulocytes lose mitochondria 
irreversibly during their terminal differentiation, but the 
resulting erythrocytes lack DNA and protein synthesis and 
are thus no longer true cells. These few exceptions prove 
the rule that mitochondria re essential eukaryotic or- 
ganelles which cannot be lost without loss of cell viability. 
2. Protein import into mitochondria is essential for cell 
viability 
The functional complexity of mitochondria is paralleled 
by molecular complexity. About 5-15% of a cell's pro- 
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teins are located in mitochondria. In other words, each 
mitochondrion has in the order of 103 different poly- 
peptides. About a dozen of these are encoded by mitochon- 
drial DNA and are made inside the mitochondria, but all 
the others are encoded by nuclear DNA, made in the 
cytosol, and then imported into the mitochondria [3]. Pro- 
tein import into mitochondria is the major mechanism of 
mitochondrial biogenesis. 
Because protein import is essential for mitochondrial 
biogenesis, and because mitochondria perform so many 
cellular functions, we postulated in 1984 that any gene 
essential for mitochondrial protein import should also be 
essential for cell viability [4]. This dogma has proved to be 
correct. It has allowed us to design genetic screens by 
which we identified the first genes encoding parts of the 
mitochondrial protein import machinery, and it continues 
to be a very useful heuristic principle for discovering novel 
genes controlling protein import into mitochondria [5]. 
3. The mitochondriai protein import machinery 
During the past decade, many features of mitochondrial 
protein import have been elucidated [6-8]. The pathway of 
a protein depends to some extent on that protein's intra- 
mitochondrial location; Fig. 1 summarizes import into the 
matrix. This pathway is used by most, and perhaps all 
imported matrix proteins; also, we know more about this 
pathway than about the other ones. 
The signal targeting a protein into the mitochondrial 
matrix is usually a basic, highly degenerate sequence of 
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Fig. 1. Import of mitochondrial matrix proteins. Precursor proteins can 
interact with several different cytosolic chaperones uch as 70 kDa 
heatshock proteins (hsp70) or MSF (mitochondrial import stimulating 
factor, Ref. [14]). They are then transferred to receptors (R) on the 
mitochondrial outer membrane (OM). Import into the matrix occurs via 
closely apposed, separate translocation channels of the outer and inner 
(IM) membrane. Transit of the targeting sequence across the inner 
membrane r quires an electric potential across the inner membrane (/t0). 
Translocation of the remainder of the polypeptide chain requires the 
ATP-dependent action of mitochondrial hsp70 (mhsp70). Cleavable N- 
terminal targeting sequences are removed by the general matrix process- 
ing peptidase (MPP). Folding and assembly may be aided by the chaper- 
onins hsp60 and cpnl0. 
15-35 amino acids which can adopt an amphiphilic on- 
formation, usually an a-helix. A matrix-targeting si nal is 
always at or near the N-terminus. Such a matrix-targeting 
signal is sufficient to direct virtually any attached polypep- 
tide into the mitochondrial matrix [9]. Since up to 25% of 
randomly-generated p ptides can function as matrix-target- 
ing signals [10], the evolution of mitochondria from bacte- 
rial endosymbionts may have selected not only for the 
addition of matrix-targeting si nals to proteins destined for 
mitochondria, but also for the loss of such signals from 
nonmitochondrial proteins. 
In the cytosol, 'antifolding proteins' (also termed 
molecular chaperones) bind to newly synthesized mito- 
chondrial precursor proteins and prevent heir premature 
aggregation, their tight folding, or both. Proteins cannot 
move across mitochondrial membranes while tightly folded 
[11]. The eukaryotic cytosol appears to contain many 
different chaperones, many of them ATPases which release 
their bound 'cargo' upon ATP hydrolysis. Some of these 
ATP-driven chaperones belong to the family of 70 kDa 
heat-shock proteins [12,13], others to the 14-3-3 protein 
family [14]. 
The incompletely folded precursor is then transferred to
import receptors on the mitochondrial surface. If the pre- 
cursor is bound to a cytosolic 70 kDa heat-shock protein, 
this transfer probably requires hydrolysis of ATP by the 
heat-shock protein. The mitochondrial outer membrane 
contains at least four different proteins that function in the 
recognition of precursor proteins. In the yeast Saccha- 
romyces cerevisiae, these proteins are termed Mas20p, 
Mas22p Mas37p, and Mas70p [15]. Mas37p and Mas70p 
exist as a heterodimer which appears to bind preferentially 
those precursors that are presented to mitochondria com- 
plexed to ATP-requiring cytosolic chaperones. Mas20p 
appears to exist as a complex with Mas22p; this complex 
is very acidic and may recognize the basic mitochondrial 
targeting sequences of precursors via its 'acid bristle' 
domains. However, the precursor specificity of these two 
complexes overlaps with the result that Mas20p, Mas37p, 
or Mas70p can be deleted individually from yeast cells 
without blocking protein import or cell viability. Mas22p 
is the only known receptor protein that is essential in itself. 
The receptor-bound precursor then moves to, and in- 
serts across, the import channels that span the two mito- 
chondrial membranes. These channels are situated at 'con- 
tact sites' where the two membranes are closely apposed. 
It was often presumed that both membranes were spanned 
by a single channel; it is now clear, however, that each 
membrane has its own channel and that transport across 
both membranes must involve docking of the two trans- 
membrane channels in the 'contact sites' [16,17]. Each 
channel is composed of several different subunits. Several 
of these subunits have been identified by crosslinking them 
to translocation-arrested precursor proteins, others were 
tracked down by analyzing yeast mutants which were 
temperature-sensitive or partly defective for protein import 
into mitochondria [6]. Isp45p, one of the subunits of the 
protein transport channel across the mitochondrial inner 
membrane, is bound to a mitochondrial 70 kDa heatshock 
protein. This 'mhsp70' is more similar to bacterial hsp70 
(termed DnaK) than to any 70 kDa heatshock protein in 
the eukaryotic ytosol, mHsp70 is in turn bound to mito- 
chondrial homologs of the bacterial co-chaperones GrpE 
and DnaJ. mHsp70 and the mitochondrial GrpE homolog 
(termed GrpEp or Yge lp; Refs. [ 18, ! 9]) appear to function 
as an ATP-driven 'import motor' that pulls precursors 
across the inner membrane by multiple cycles of binding 
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Isp42p OM CHANNEL Baker et al., 1990 
Mas22p OM RECEPTOR Lithgow et. aL 1994 
Isp45 p / MIM 44 IM CHANNEL Maarse et al., 1992 
Scherer et at, 1992 
Mas6p / MIM 23 IM CHANNEL Jensen et al., 1993 
Dekker et al., 1993 
SMS-1 / MIM 17 IM CHANNEL Dekker et al., 1993 
Jensen et at., 1994 
Maslp MATRIX PROTEASE Yaffe & Schatz, 1984 
Mas2p MATRIX PROTEASE Yaffe & Schatz, 1984 
HSP60 MATRIX CHAPERONE Chen et al., 1989 
cpnl0 MATRIX CHAPERONE Rospert et al, 1993 
SSCI MATRIX CHAPERONE Craig et ai., 1989 
Kang et ai., 1990 
Scherer et ai., 1990 
GrpEp MATRIX CHAPERONE Bolliger et al., 1994 
lkeda et.ai. 1994 
Fig. 2. Essential mitochondrial proteins. See text and Ref. [6] for further 
details. 
and release. This cycle requires hydrolysis of ATP by 
mhsp70. Finally, the precursor is released from mhsp70 
into the matrix as an incompletely folded chain. The 
mitochondrial DnaJ homolog (termed Ydjlp) is not an 
essential part of this import motor, but mediates ome 
steps in the refolding of imported precursors [20]. Folding 
and oligomerization of many (but probably not all) precur- 
sors is then mediated by homologs of the Escherichia coli 
chaperonins GroEL and GroES (termed hsp60 and cpnl0 
in yeast). Hsp60 is composed of 14 identical 60 kDa 
subunits and usually hydrolyzes ATP in order to function, 
whereas cpnl0 is a homoheptamer of 10 kDa subunits. 
Most matrix-targeting signals are removed by an endo- 
proteinase which consists of two nonidentical, but similar 
subunits. Each subunit is made in the cytoplasm with a 
matrix-targeting signal which is removed upon import by 
the preexisting active enzyme. Although Fig. 1 shows 
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Fig. 3. The Lon proteinase of yeast mitochondria. The potential amphi- 
pathic helical conformation of  the N-terminal presequence is indicated by 
a helical wheel projection. 
proteolytic maturation at the end of the import sequence, 
this step can probably also occur earlier. 
Several of the components shown in Fig. I are function- 
ally redundant and can be inhibited or genetically inacti- 
vated without blocking protein import or cell viability. 
Others, however, perform unique functions and are essen- 
tial. These essential components of the mitochondrial pro- 
tein import machinery are also essential for cell viability 
[4,5]. So far, every mitochondrial protein essential for 
viability has proved to be a component of the mitochon- 
drial protein import machinery (Fig. 2). 
4. Identifying novel mitochondrial functions 
We still do not know the answers to many important 
questions about mitochondrial function and biogenesis. 
How are coenzymes imported? How is heme exported? 
How is mitochondrial division triggered and which pro- 
teins mediate this process? How do mitochondrial proteins 
turn over? We have recently addressed some of these 
questions by assuming that some key processes found in 
bacteria re also operative in mitochondria. For example, 
the Lon proteinase is a key player in the regulated turnover 
of proteins in Escherichia coli and other bacteria. We 
have used the polymerase chain reaction and conserved 
sequence motifs among different bacterial on genes to 
isolate a nuclear yeast gene encoding a close homolog of 
the bacterial Lon proteinase (Fig. 3). The yeast enzyme, 
like that from Escherichia coli, has a predicted ATP-bind- 
ing site and a putative catalytic serine residue; unlike the 
bacterial enzyme, it is made with a typical N-terminal 
matrix-targeting signal and is imported into the mitochon- 
drial matrix. Deletion of the enzyme from yeast blocks the 
energy-dependent turnover of several matrix proteins, leads 
to the accumulation of electron-dense inclusions within the 
mitochondrial matrix, and renders the cells respiration-de- 
ficient. Respiration-deficiency is caused by deletions within 
the mitochondrial genome [21]. Why the proteinase is 
essential for maintenance of mitochondrial DNA is un- 
known. A very similar proteinase has also been identified 
by gene cloning in human mitochondria [22]. 
We have also reasoned that some of the still unknown 
transport processes across the mitochondrial inner mem- 
brane might be catalyzed by ABC transporters. This large 
and rapidly growing protein family has been detected in 
bacteria, plants, yeast and mammals, but a mitochondrial 
ABC transporter has not yet been described. By exploiting 
the sequence conservation among different ABC trans- 
porters, we have used the polymerase chain reaction to 
amplify ten fragments of yeast DNA with high homology 
to ABC transporter genes. Upon disrupting five of the 
corresponding genes, we identified one gene whose inacti- 
vation drastically reduces growth of yeast on rich medium 
and completely blocks growth on minimal medium. We 
have cloned and sequenced this ATM1 gene (for ABC 
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chondria (Fig. 4). We have learned much about how 
proteins are imported into mitochondria, nd are beginning 
to define the import of some RNA molecules, but we know 
almost nothing about how mitochondria transmit signals to 
the nucleus. The time is now ripe to attack this question. 
Most of the exciting new information on mitochondria will 
thus probably concern questions which are beyond oxida- 
tive phosphorylation. 
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Fig. 4. Signals between the mitochondrial nd the nuclear genome. The 
nucleus transmits ignals to the mitochondria via nuclear-encoded pro- 
teins that are imported into mitochondria and regulate the expression of 
mitochondrial DNA; some signals may also be transmitted via nuclear 
encoded RNA that is imported into mitochondria. Mitochondria do not 
appear to export macromolecules, but may influence the expression of 
nuclear genes for mitochondrial proteins via exported mitochondrial 
products uch as heme or ATP. 
transporter of mitochondria) and found that it encodes a 
putative 'half-transporter' with an N-terminal matrix- 
targeting signal, six N-proximal membrane-spanning re- 
gions and a C-proximal ATPase domain. By epitope-tag- 
ging the protein and studying its intracellular location we 
showed that it is located in the mitochondrial inner mem- 
brane with its ATPase domain facing the matrix. Cells 
lacking Atmlp rapidly accumulate deletions within their 
mitochondrial DNA and completely lack all major cy- 
tochromes, yet Atmlp does not seem to catalyze heine 
export from the matrix [23]. Its detailed function is un- 
known, but it appears to be the first eukaryotic ABC 
transporter that is essential for normal growth. An intrigu- 
ing possibility would be that it mediates the export of 
peptide fragments from the matrix into the cytosol [24]. 
The rapidly growing sequence information on bacterial 
proteins, coupled to the power of the polymerase chain 
reaction, should permit the identification of many novel 
and unsuspected mitochondrial proteins. The function of 
these proteins can then be readily investigated by con- 
structing specific null mutants in yeast and studying the 
properties of these mutants. This approach might help to 
answer the still unsolved question of how mitochondria 
transmit signals to the nucleus. Mitochondrial biogenesis 
involves the flow of molecules into and out of the mito- 
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